Cisplatin (DDP) is one of the most effective chemotherapeutic agents in the treatment of ovarian, testicular and head and neck cancers. Unfortunately, these tumours characteristically develop resistance to DDP, and this contributes to treatment failure Timmer-Bosscha et al., 1992) . Early detection of intrinsic resistance could allow for treatment changes that would be beneficial to the patient, for example the immediate addition of radiation therapy to a chemotherapy programme. However, in most cases, it is impossible to detect the presence of resistance until weeks after the chemotherapeutic treatment when the tumour is found not to have decreased in size, or even continued to increase in volume.
Two recent developments hold out promise for the development of a molecular strategy potentially capable of providing information on the extent of tumour injury within 24 h of the initiation of treatment. First is the recent identification and cloning of a large number of DNA damage-inducible genes whose transcription is activated by cellular injury (reviewed by Holbrook & Fornace, 1991) . Second is the development of polymerase chain reaction (PCR)-based methodology for accurately quantifying the level of expression of specific messages in very small numbers of cells (Horikoshi et al., 1992; Los et al., 1993a) . Among the damage-inducible genes, GADD153 is of particular interest as a candidate for early detection of tumour injury because it is induced to high levels by a large number of agents that cause either DNA damage or cell cycle arrest. These include UV light, hypoxia, serum starvation, medium depletion, cysteine conjugates, dithiothreitol and various chemotherapeutic drugs (Fornace et al., 1989; Chen et al., 1992; ; Price & Calderwood, 1992) . In addition, the induction is transient which, in principle, might permit repeated assessment of the magnitude of its induction with serial courses of treatment.
GADD153 was originally cloned by hybridisation subtraction of mRNA from proliferating vs UV-treated CHO cells (Fornace et al., 1988) . It is one of a family of genes that is coordinately regulated by agents that induce growth arrest or DNA damage (Fornace et al., 1989) . GADD153 is highly conserved in mammalian species; hamster GADD153 shares 78% nucleotide sequence identity with the human gene (Park et al., 1992) and > 85% with the mouse gene (Ron & Habener, 1992) . Although the function of GADD153 in the damage response is unknown, it appears to be a modulator of the transcription factors C/EBP and LAP (Ron & Habener, 1992) . Ron and Habener cloned CHOP-10, the mouse homologue of GADDJ53, by identifying proteins that could dimerise with CCAAT/enhancer-binding protein (C/ EBP) or liver-enriched transcriptional activator protein (LAP), but not bind to the cytokine-responsive enhancer element APRE (acute-phase responsive element). They found that CHOP-10 localised in the nucleus and coimmunoprecipitated with LAP. They also found that overexpression of CHOP-10 inhibited the activation of an APREdriven luciferase construct.
Recently, the same group has reported that GADDJ53 is involved in the oncogenesis of human myxoid liposarcomas (Aman et al., 1992; Crozat et al., 1993) . They demonstrated that the characteristic chromosomal translocation found in this tumour type creates a fusion protein of GADDJ53 and a previously unreported RNA-binding protein (named TLS for translocated in liposarcoma; Crozat et al., 1993) . This fusion protein contains the DNA-binding and leucine zipper domains of the GADD153 protein fused to a domain in TLS that has a glycine-rich region similar to that of the transcription factor SP-1. They hypothesise that this translocation changes the effect of GADD153/CHOP-10 from a transcriptional suppressor to a oncogenic transcriptional activator.
We (Sambrook et al., 1989) . The blots were exposed to film (Fuji, RX-50 X-ray film) and quantitated either by laser densitometry (LKB Ultroscan XL, Bromma, Sweden) or by the Molecular Imager System (BioRad, Hercules, CA, USA). The human GADD153 probe was a gift from Dr N.J. Holbrook (NIA, NIH, Baltimore, MD, USA). Lane loading differences were corrected for by com- parison to the same blot hybridised with a P-actin probe.
In vivo experiments Five million 2008 cells were injected subcutaneously above the foreshoulder of female nu/nu mice (Harlan, SpragueDawley, Indianopolis, IL, USA). The xenografts were allowed to grow to a volume of approximate 1 ml. At that time, the mice were treated intraperitoneally with DDP. The mice were sacrificed and the tumours were removed at the appropriate time point. The tumours were homogenised using a Polytron homogenizer (Biospec Products, Bartlesville, OK, USA) in GITC buffer. RNA was extracted as described above.
Results
Dose dependence of the increase in GADD1 53 mRNA levels after DDP treatment in vitro In order to determine whether DDP increased GADD153 mRNA levels in exponentially growing human ovarian carcinoma 2008 cells, cultures were treated with 5, 10, 20 or 30 ,UM DDP for 1 h and then returned to drug-free medium.. RNA extracted at 24 h after DDP treatment was subjected to Northern analysis. Figure 1 shows that GADD153 mRNA expression was increased by DDP treatment, and that this increase was approximately linear with DDP concentration up to 30 tLM. A representative blot is shown in Figure la Time course of the increase in GADD1 53 mRNA levels after DDP treatment in vitro Figure 2 shows the time course of the increase in GADD153 mRNA levels after DDP treatment in 2008 cells growing in vitro. The cells were treated with 20 1AM DDP for 1 h and RNA was extracted at 8, 24, 48, 96 and 120 h after DDP exposure. An increase in GADD153 mRNA level was evident at 8 h; this increase had peaked at 24 h, and had returned to basal levels by 120 h when the cells had returned to exponential growth.
Effect of DDP exposure schedule on GADD1 53 mRNA levels in vitro In order to determine whether the increase in GADD153 mRNA caused by DDP was dependent on the schedule of drug exposure, GADD153 mRNA levels were measured in cells treated with equitoxic exposures using two different DDP regimens. In the 2008 ovarian carcinoma cell line the IC50 for a 24 h exposure to DDP is 10-fold less than the IC50 for a 1 h exposure (data not shown). A 1 h treatment with SI M DDP and a 24 h treatment with 0.5 gM DDP both resulted in inhibition of colony formation by 50%. As shown in Figure 3 , such equitoxic doses of DDP resulted in approximately equal increases of GADD153 mRNA measured at 24 h after the start of drug exposure. This indicates that, over the range studied, the schedule of drug exposure had little effect on the magnitude of the injury response. 3.0 0.4 molecular approach to the long-standing clinical problem of how to rapidly determine whether a tumour is destined to respond to treatment that has recently been administered. Among the gadd family of genes, GADD153 has a number of traits that make it a strong candidate for this role of surrogate marker. First, GADD153 has low basal expression such that even relatively small degrees of induction can be detected. Second, unlike many of the other damage-inducible genes, it is not highly induced by treatment of the cells with phorbol ester tumour promoters (Holbrook & Fornace, 1991) , and, by inference, may be less susceptible to induction by environmental factors. Third, GADD153 is not cell cycle regulated. If tumour injury was monitored with a gene whose transcription was activated by both injury and an increase in growth rate, such as c-fos or c-jun, then it might be difficult to distinguish between impending response and the increase in the growth fraction that often accompanies partially successful chemotherapy. Finally, the increase in GADD153 mRNA is an event that is quite far downstream in the sequence of steps that lead from administration of chemotherapy to tumour cell death. The magnitude of this increase reflects the net effect of several factors, including the amount of drug given to the patient, the total plasma exposure, how much of the drug actually got into the tumour cell, how much found its critical target within the cell, and how effectively cellular defence mechanisms offset the action of the drug. Thus, in principle, it reflects the extent to which the tumour has been injured. One can reasonably expect that this will be much more tightly linked to clinical response than post-treatment measurements such as plasma drug concentration or even total tumour drug level.
The expression of a number of genes, including HSP60 (Kimura et al., 1993) and ERCCI (Dabholkar et al., 1992) , has been postulated to be predictive of how well a tumour will respond to DDP. The pretreatment measurement of these genes can detect intrinsic resistance or differences in DNA repair capability. Since GADD153 is measured after DDP treatment, the increase in mRNA levels reflects tumour damage and may give different information from pretreatment measurement of HSP60 or ERCCI. At present a comparison of the correlation between the levels of these genes and the clinical outcome of the treatment has not been undertaken. It is important to point out that the level of GADD153 mRNA expression at 24 h post treatment is likely to be a complex function of both the amount of damage done to DNA and the ability of the cell to repair this damage.
In approaching the use of GADD153 as a potential molecular marker of injury, we chose to focus on a single widely used chemotherapeutic agent, DDP, and a type of tumour, ovarian carcinoma, that initially responds well to DDP treatment but for which acquired resistance usually becomes a major clinical problem Perez et al., 1991) . Using the human ovarian carcinoma cell line 2008, the results indicate that GADD153 can be induced 12-fold by levels of drug that result in approximately 10% survival of the original population of cells. The magnitude of the induction was predictably dependent on the extent of tumour cell kill, and it was relatively independent of the schedule of drug administration (i.e. 1 vs 24 h exposure). In addition, we confirmed that the time course of induction and return of mRNA levels to their basal level was such that it would be appropriate to use GADD153 induction as a measure of injury on serial courses of treatment spaced more than a week or so apart. The time course results that we obtained with the human 2008 cells exposed to DDP differ considerably from the induction of GADD153 by methyl methanesulphonate (MMS) in CHO cells. In the latter system Fornace et al. (1989) reported that induction was maximal at the end of a 4 h exposure to drug. At the present time no other explanations for these differences are available save for the fundamental differences in cellular system and drug tested. For example, MMS forms monoadducts with DNA (Friedberg, 1985) , DDP forms both mono-and biadducts with DNA (Pinto & Lippard, 1985 (Los et al., 1993b) . Los et al. (1994) (Los et al., 1993a) . Sufficient cellular material can be obtained from a single fine needle aspiration biopsy to permit accurate quantification of GADD153 mRNA level before and again 24 h after treatment (Los et al., 1994) . Additional studies are needed to determine the variance associated with measurements made on needle biopsies obtained from different sections of the same tumour as well as from the same tumour before and after treatment. Also, further validation of the assay will be needed to confirm that there is a good correlation between the magnitude of GADD153 induction and the clinical response of the tumour. It is important to point out that changes in the magnitude of induction of GADD153 during serial courses of the same therapy may provide a method for detection of drug resistance at a time well before it becomes clinically apparent.
In this study we focused on GADD153 induction by the chemotherapeutic agent DDP. However, since GADD153 can be induced by a large number of chemotherapeutic agents as well as ultraviolet radiation D.P. Gately, unpublished data), it may be possible to use the induction of this gene to monitor the extent of tumour injury produced by many modalities of treatment.
Abbreviations: DDP, cisplatin; gadd, growth arrest and DNA damage; IC50, concentration of drug required to inhibit colony formation by 50%; GITC, guanidine isothiocyanate; CHO, Chinese hamster ovary; C/EBP, CCAAT/enhancer-binding protein; LAP, liver-enriched transcriptional activator protein; APRE, acute-phase response element. 
